Abstract -A study of the beam dynamics in the C235 (T06) cyclotron made for proton therapy is presented. Results of the computer simulations of the particle motion in the measured magnetic field are given. A study of the resonance influence on the acceleration process was carried out. The corresponding tolerances on the magnetic field imperfections and transverse beam parameters were defined using these simulations. PACS number: 29.20.Hm
INTRODUCTION
IBA (Belgium) has designed and equipped over half of the clinical-based particle therapy facilities in the world. Cyclotrons, energy selection systems, gantries, and other related equipment were installed in the National Cancer Center in Kashiwa, Japan; The Wan Jie Proton Therapy Center in Zibo, China; The Massachusetts General Hospital in Boston, United States; The National Cancer Center in Seoul, Korea; The Sino-Japanese Friendship Hospital in Beijing, China; and The Florida Proton Therapy Institute in Jacksonville, United States. Having sold, installed, and operated a number of C235 cyclotrons all over the world, IBA continuously works on improving cyclotron characteristics.
CYCLOTRON MAIN PARAMETERS
The C235 machine (see Fig. 1 ) is intended for proton acceleration up to 235 MeV. The accelerator for the 235 MeV proton beam delivery in all these facilities is a C235 compact cyclotron with spiral sectors and dees and an elliptical gap decreasing from the center to the final radii.
The extracted beam current is about 10-50 µ A. Characteristics of the cyclotron are presented in Table 1 .
The magnetic system has an elliptic gap which decreases from 9.6 cm at the center to 0.9 cm at the final radii. The vertical aperture of the dees is 2 cm. The internal ion source located in the very center of the cyclotron and has a vertical input into the machine.
The measured average magnetic field and the high harmonics of its cyclotron are shown in Figs. 2, 3.
A working point diagram of the cyclotron is presented in Fig. 4 ( Q r and Q z frequencies of betatron oscillations). The last point in the graph corresponds to the energy of 233.7 MeV; energy step is 0.4 MeV.
The internal resonance 4 Q r = 4 and the resonance of errors Q r = 1 are crossed by the working point at the center radii (~5-17 cm). The coupling resonance of the third order 2 Q r -Q z = 2 exists at the 63-64 cm radii, Q r -Q z = 1-at the 90-92 cm. Internal resonance 3 Q r = 4 is crossed at the 107 cm radius. The last two resonances of the third order Q r -2 Q z = 1, 2 Q r + Q z = 3 and Q r + 2 Q z = 2 are crossed at the 109 cm radius.
It is important to note that in this cyclotron the accelerated beam is extracted before crossing the last 
STUDY OF THE RESONANCES CROSSING DURING THE ACCELERATION
2.1. 4Q r = 4 Resonance 4 Q r = 4 is the internal resonance of the fourth order, which is exited by the nonlinearities of the main harmonic of the magnetic field ( B 4). The amplitude of this harmonic is presented in Fig. 6 . It is possible to see that B 4 has a nonlinear growth at the resonance region. Radial betatron frequency at the center of the cyclotron is shown in Fig. 7 . This resonance is crossed three times in the range of radii 4-17 cm.
A bunch of 1000 particles normally distributed at a radial phase plane with amplitudes of free radial oscillations ( A r ) up to ~2 mm and matched with the cyclotron parameters was generated at ~4 cm radius and then accelerated up to ~30 cm radius. The accelerating voltage at the center of the cyclotron is supposed to equal 60 kV. Calculations show that the radial motion of the bunch is stable during the acceleration and through the resonance region. Positions of the bunch on radial phase plane are shown in Fig. 8 .
Calculations show that the radial emittance of the bunch is quite stable during the acceleration and through the resonance region, as are the amplitudes of free radial oscillations.
Hence, internal resonance 4 Q r = 4 is not dangerous in this cyclotron and almost has no influence on the radial motion of the beam during acceleration.
Q r = 1 Resonance
The driving term of this resonance is the amplitude of the first harmonic of the magnetic field imperfections in the center of cyclotron. Radial displacement of the equilibrium orbit is the result of this resonance.
The starting bunch with emittance ε r = 15 π mm mrad and A r up to ~2 mm was used for the resonance investigation. The amplitude of the first harmonic used in simulations had linear and constant dependence along Gap of the magnetic system, cm:
in the valley 60 in the hill 9.6-0.9
Number of sectors 4
Coil current* turns number, kA 525
Power of the magnet coil, kW 190
Weight of the magnet, t 210
Number 
